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Trehalose (α-D-glucopyranosyl α-D-glucopyranoside) is a widely distributed nonreducing disaccharide in which the two glucosyl moieties are linked together in an α,α−1,1 linkage, Fig 1. Initially, trehalose was viewed "merely" as an unusual energy source, substituting for glycogen, indeed it is still regarded as highly important in these contexts in certain insect tissues and in fungal spores. More recently, however, the critical roles of trehalose in the protection of organisms from environmental stresses and its role in the formation of the trehalated glycolipids of Mycobacteria have become apparent (1) .
The biosynthetic pathways to trehalose synthesis have thus become important areas of research both for their exploitation potential in biotechnological applications (2) and their inhibition for the treatment of mycobacterial and fungal infections.
Trehalose is undoubtedly one of the key players in the protection of living organisms against extremes of environmental stress (reviewed in 2,3). It is perhaps most well characterised under conditions of water-stress. "Resurrection plants", nematodes, brine shrimps and yeast, amongst others, all survive under extreme desiccation where up to 99% of their water has been removed. Under these conditions cell viability is maintained through the synthesis of trehalose which can reach levels up to 10-20% of the dry weight of these organisms. Stabilisation reflects two major factors: the substitution for solvent water in hydrogen-bonding to proteins and the prevention of lipid-phase transitions at biological membranes (for example 4). Even in "normal" organisms, trehalose synthesis is elevated under stress conditions (most recently reviewed in 1), including dehydration, stationary phase culture, salt-stress (5), heat-shock (2), high pressure (6) , extreme cold (7), exposure to oxygen radicals (8, 9) and anoxia (10) .
The stabilising effects of trehalose have also been harnessed for biotechnological applications (2) . Trehalose increases the tolerance of protein samples to higher concentrations of chemical denaturant and acidity in vitro (11) . The addition of exogenous trehalose at concentrations from 25mM to 350mM dramatically increases the viability of E. coli cells after 5 days of desiccated storage (12) . For these reasons, there is now concerted effort to over-express trehalose-synthesis pathway genes in organisms 4 where stress is a major problem. Recent success with salt, drought, and low-temperature stress-resistant rice suggests that this is a powerful approach for the future (13) .
Trehalose plays numerous other roles. It is the main component of the trehalated glycolipids of Mycobacteria, including the immunogenic "cord-factor", indeed trehalose metabolism is a validated therapeutic target in M. tuberculosis (14) (15) (16) . Recent investigations also reveal the importance of the sugar and its mono-phosphorylated derivative trehalose-6-phosphate, for embryonic growth for Arabidopsis thaliana through the control of carbohydrate utilisation (17,reviewed in 18) . Metabolic studies into microbial pathogenesis of Magnaprthe grisea, a rice blast fungus, point to trehalose biosynthesis as having widespread significance during the initial infection (19) whilst infection by the human pathogenic fungus Candida albicans is also impaired if the trehalose-6-phosphate synthase gene is deleted (20) .
This emerging spectrum of biological roles all highlight the importance of trehalose synthesis both for its inhibition and exploitation. The primary biological route to trehalose, in most organisms (1) , involves the initial formation of trehalose-6-phosphate followed by dephosphorylation to yield trehalose, Fig 1. In E. coli, the enzyme responsible for the formation of α,α-1,1 trehalose-6-phosphate is the trehalose-6-phosphate synthase, OtsA, which uses UDP-Glc as the donor with the α-anomer of Glc-6-P as acceptor. Those species for which trehalose is extremely important under nonstress conditions, such as Mycobacteria and Corynebacteria, also find alternative pathways to trehalose including the transglycosylation of maltose and starch-derived oligosaccharides (16, 21) . Indeed, the three alternative pathways of these organisms may all substitute for each other and only the triple knock-out is lethal (22) . Trehalose itself is an unusual non-reducing disaccharide in which the anomeric carbons of both glucosyl moieties are linked to each other in a "double" α−α glycosidic linkage (Fig 1, inset and Fig 2b) representative. These have been termed fold "GT-A" and "GT-B" (25, 27) as well as "SpsA-like" (reflecting its first observation in the structure of the putative glycosyltransferase from family GT-2 (28) and "phage T4 β-glucosyltransferase-like"
(again reflecting its first description in that structure (29) GT-B fold UDP-dependent glycosyltransferases have been reported. Four of these are "inverting" glycosyltransferases: GtfB (32) and GtfA (33) from family GT-1, the E. coli
MurG from family GT-28 (34) and the original phage T4 β-glucosyltransferase, now classified into family GT-63. In addition, one retaining UDP-sugar glycosyltransferase has been solved which displays this fold, the family GT-20 OtsA (35), described further here.
We recently described the structure of E. coli OtsA in a "non-competent" complex with both UDP and Glc-6-P (35). This revealed a "bi-domain" β/α/β domain topology, Fig 3c, unveiling OtsA as the first retaining UDP-sugar dependent enzyme to display the GT-B
fold. Whilst the complex, with UDP and Glc-6-P, allowed mapping of the acceptor subsite interactions, firm identification of the donor subsite was not possible.
Furthermore, the UDP/Glc-6-P complex revealed a "closed" structure demanding that conformational change accompanied ligand binding from the native state. Here we present the structures of OtsA in binary donor complex; both those with UDP-Glc and the non-transferable analogue UDP-2FGlc at 2.0 Å resolution. The two binary structures (which are essentially identical) reveal the donor subsite interactions, confirming a striking similarity with glycogen and maltodextrin phosphorylases and highlight conformational changes, compared to the original UDP/Glc-6-P complex (35) , as a result of ligand-binding. These latter changes feature both domain reorientation and large-scale movement of active centre loops with differences of up to 10 Å between binary and UDP/Glc-6-P complexes in some active-centre loops.
EXPERIMENTAL PROCEDURES

Synthesis of UDP-2FGlc
UDP-2FGlc was synthesized essentially as described previously (36) . Briefly, treatment was isolated as a mixture of anomers. This mixture was treated with HBr/AcOH to yield the alpha-bromide and conversion to the desired beta-acetate was accomplished with silver acetate. MacDonald phosphorylation of the beta-acetate followed by lithium hydroxide mediated hydrolysis gave the fully deprotected 2-deoxy-2-fluoroglucosylalpha-phosphate as the dilithium salt (as described in Ref. (38) . Conversion of the lithium salt to the tri-n-octylamine salt, as required for the morpholidate coupling, was achieved using a cation exchange resin. Coupling of this alpha-glucosyl phosphate analog with uridine monophosphate was accomplished using the morpholidate coupling procedure described by Wong (39) . Reaction progress was monitored by 31 P-NMR until no further reaction was observed. The desired 2-deoxy-2-fluoroglucosyl uridine diphosphate product was isolated by ion-exchange and size-exclusion chromatography.
Crystallisation and X-ray data collection
Gene over-expression and enzyme purification was carried out as previously described (26) . The purified enzyme was concentrated in a buffer of 20mM TrisHCl pH 8 and 200
mM NaCl to 10 mgml -1 . Initial crystallisation screening was performed in 100nL sitting droplets using a Mosquito robotic system (TTP Labtech Ltd. Royston U.K.) a strategy which was essential to obtain preliminary conditions with small quantities of ligand.
Optimisation of initial conditions was achieved using the hanging drop method with an equal amount of mother liquor to enzyme/ligand solution. The enzyme was cocrystallised either with 25 mM UDP-glucose and 50 mM 1-deoxy-Glc-6-P or 25 mM UDP-2FGlc with 20 mM Glc-6-P. These pairs were chosen so as to try to provide a ternary complex with either a non-transferable donor (UDP-2FGlc) or a non-viable acceptor (1-deoxy Glc-6-P). Crystals appeared, with both ligand combinations, after 36 
Structure solution and Refinement
The structures were solved by molecular replacement using AMORE (41) using the "A" molecule of the UDP/Glc-6-P non-competent ternary complex (PDB code 1GZ5; (35) In order to obtain donor-complexes co-crystallisation, harnessing extensive screening using high-throughput robotics, afforded two closely related crystal forms for OtsA from solutions containing either UDP-Glc and 1-deoxy Glc-6-P or UDP-2FGlc and Glc-6-P, respectively. Both crystal forms diffract to around 2.0Å resolution, Table I , a significant improvement over the 2.45 Å of the original UDP / Glc-6-P complex (35) and both allow, for the first time, analysis of the UDP-sugar donor site for this class of retaining glycosyltransferase. Oddly, however, neither complex reveals electron-density for Glc-6-P in the acceptor site which is, instead, compromised as a result of conformational changes (or their absence), described below. Both structures are therefore binary complexes with intact UDP-sugar donor species only. the loop from residues 9-22, and these are described further below.
Ligand-induced conformational change
The overall fold of the enzyme is unperturbed by the binding of ligands. Within the catalytic center, however, there are significant conformational changes. In the UDP/Glc-6-P complex described previously the loop region from Arg9 to Gly22 made extensive interactions with the acceptor site, especially Arg9 which interacted with the phosphate moiety of Glc-6-P. We proposed that this loop thus provided "cross-talk" between the domains through the interaction of Gly22 on the acceptor domain with the distal 
DISCUSSION
The binary UDP-Glc (and UDP-2FGlc) complexes of OtsA clearly reveal significant conformational changes compared to the previous UDP/Glc-6-P pseudo-ternary complex.
Compared to the binary UDP-Glc complex, the non-competent ternary complex is characterised both by a slight closing of the domains, perhaps triggered by the interaction of Gly22 on the N-terminal acceptor domain with the distal phosphate of UDP-Glc on the C-terminal donor domain, and by a significant conformational change of the "acceptor loop", from residues 9-22, which encloses the acceptor site. It is unclear however, why the crystallised complexes, described here, do not display any occupancy of the acceptor site. One possibility is that the lattice-contacts somehow favour trapping of the UDP-Glc binary complex, although it is not evident how this might be so, or it might be that initial formation of the UDP-sugar complex somehow precludes binding of the acceptor although this would seem unlikely.
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In this context, the striking similarities and differences between retaining UDP-sugar glycosyltransferases, OtsA, and glycogen phosphorylases are fascinating. Of the retaining UDP-GTs perhaps only LgtC has received an extensive analysis of its kinetic mechanism. LgtC displays an ordered bi-bi mechanism in which UDP-Gal binds first followed by the acceptor lactoside (50) . Following transfer, the oligosaccharide product is released prior to UDP; these results being consistent with the structural rearrangements necessary for the formation of the acceptor binding-site following binding of the UDPsugar. Glycogen phosphorylases, however, instead display a rapid equilibrium random kinetic mechanism in which both donor and acceptor substrates must be bound prior to Figure 1 The biosynthesis of trehalose.
The most common route to trehalose is via the formation of trehalose-6-phosphate from UDP-Glc and Glc-6-P, catalysed by the "retaining" glycosyltransferase OtsA. Fig 1) is an unusual nonreducing disaccharide in which the two anomeric centers are linked together through the glycosidic oxygen; it thus has two glycosidic linkages as shown in simplified form in (b). (28) and the phage T4 β-glucosyltransferase (29) . OtsA displays the GT-B fold (c). In this figure the N-terminal domains are shown in red and the C-termnal domains in blue. Ligands (UDP in (a) and (b) and UDP plus Glc-6-P in (c) are shown in "ball-and-stick" representation.
Figure 4
3-D structural overlap of OtsA in binary complex with UDP-2FGlc (gold with red ligand, this work) and in abortive complex with UDP/Glc-6-P (green with ligands in blue from (26) . This figure was drawn with BOBSCRIPT (59).
Figure 5
Residue-by-residue comparison of OtsA in complex with UDP/Glc-6-P and OtsA in complex with UDP-Glc alone (main-chain positions only).
Figure 6
Observed electron density for the UDP-2FGlc complex of OtsA. The map is a maximum likelihood(42) / σ A (60) weighted 2F obs -F calc synthesis at 0.4 electrons / Å 2 and is shown in divergent wall-eyed) stereo. This figure was drawn with BOBSCRIPT (59) .
Figure 7
Schematic diagram of the interactions of OtsA with UDP-2FGlc (identical interactions are observed for the UDP-Glc complex). 
